In response to rising growth temperatures, all organisms synthesize heat shock proteins (HSPs). Many of these inducible polypeptides are members of larger families based on similar size and sequence homology, and most include proteins synthesized constitutively under nonstress conditions. Members of most HSP families function as molecular chaperones in assisting the folding, assembly, and translocation of other proteins during normal and adverse growth regimens. One relatively new family of chaperones is HSP100/Clp. It can be divided into two basic groups, with proteins in the first (ClpA to -E) having two distinct ATP-binding domains (ATP-1 and ATP-2) while proteins in the second (ClpX and -Y) possess only one such domain (21) . The main HSP of this chaperone family is ClpB, and most organisms produce at least two different types. Separate nuclear clpB genes in eukaryotes encode mitochondrial (78-kDa [11] ) and cytosolic (100-to 110-kDa [19] ) proteins, while plants have another ClpB isomer localized in chloroplasts (10) . In contrast, a single gene in eubacteria encodes two differently sized proteins (ca. 79 and 93 kDa) via dual translational initiation sites within the clpB transcript (5, 23) .
ClpB is essential for resistance to high-temperature stress. The cytosolic ClpB in Saccharomyces cerevisiae and plants confers acquired thermotolerance (9, 18, 19) , which is commonly defined as the resistance developed by an organism to withstand an otherwise lethal temperature treatment by being preexposed to a nonlethal high temperature. Similarly, the heat shock-inducible ClpBI protein from the cyanobacterium Synechococcus sp. strain PCC 7942 (Synechococcus) is also crucial for thermotolerance (5) , a role that can be complemented by Escherichia coli ClpB (6) . In the case of ClpBI, both the fulllength and truncated forms of the protein contribute to the thermotolerance acquired by Synechococcus (3).
Mechanistically, ClpB functions to dissolve inactive protein aggregates that accumulate at high temperatures (16) . In both bacteria and eukaryotes, ClpB cooperates with the DnaKDnaJ-GrpE proteins in a bichaperone network to prevent and revert protein aggregates during heat shock (7, 13, 14) . ClpB apparently dissolves large, stable heat-inactivated proteins by directly binding to aggregates and exposing hydrophobic surfaces within the polypeptides by ATP-induced structural changes in the ClpB protein (4, 8) .
All ClpB proteins studied to date are strongly induced by high temperatures, and most are vital for heat tolerance. Under nonstressed conditions, however, ClpB is characteristically a nonessential protein, with little or no phenotypic changes resulting from clpB gene inactivations (5, 9, 19, 23) . We now describe the identification of a second clpB gene in Synechococcus that encodes a protein closely related in terms of primary sequence to ClpBI and other known ClpB proteins. We show that the Synechococcus ClpBII has characteristics so far unique to ClpB proteins in eukaryotes and bacteria, revealing an extra dimension to the functional importance of ClpB molecular chaperones.
Cloning and sequencing of clpBII gene. Degenerate primers specific for ATP-1 and ATP-2 of HSP100/Clp proteins (2) were used to clone the clpBII gene from Synechococcus by PCR. A single 1.4-kb fragment was amplified and identified by DNA sequencing as an internal portion of a putative clpBII gene. The clpBII fragment was later used to isolate a full-length clone from a Synechococcus genomic DNA library.
The Synechococcus clpBII gene is a single-copy, uninterrupted open reading frame of 2,685 bp, with no typical E. coli Ϫ10 or Ϫ35 promoter motifs upstream. The predicted polypeptide contains the ATP-1 and ATP-2 domains, with the classical Walker-type consensus sequences, separated by the relatively long spacer (129 amino acids) characteristic of ClpB proteins. Synechococcus ClpBII is most similar to the homologous protein in the cyanobacterium Synechocystis sp. strain PCC 6803 (74% similarity). It also shares a high degree of similarity with ClpBI in Synechococcus and Synechocystis (71%) and, to a lesser extent, with E. coli ClpB (64%).
Inducibility of ClpBII by high temperature. To investigate if Synechococcus ClpBII is an HSP like all other ClpB proteins, wild-type cultures were shifted from the standard 37°C growth conditions (6) to 48.5°C for 90 min (Fig. 1) . Cellular proteins were isolated during the heat shift, and both ClpBI and ClpBII were detected by immunoblotting using specific polyclonal antibodies. Each antibody was made to the C-terminal region downstream of ATP-2 in Synechococcus ClpBI or ClpBII (17) , and no cross-reaction to the alternative ClpB isomer was de-tected for both antibodies. As shown in Fig. 1 , wild-type Synechococcus induced both the full-length 93-kDa (ClpBI-93) and truncated 79-kDa (ClpBI-79) forms of ClpBI during the shift to 48.5°C (Fig. 1) , consistent with previous observations (5) . Using the ClpBII antibody, a single 97-kDa polypeptide was detected that corresponded to the predicted size of ClpBII. The amount of ClpBII, however, remained relatively unchanged during the heat shock treatment, indicating that ClpBII is not an HSP in Synechococcus.
The clpBII gene produces no truncated protein form. In addition to no ClpBII induction at high temperatures, no truncated version of ClpBII was detected throughout the 48.5°C shift (Fig. 1) . Given that the ClpBII antibody was directed against the C terminus, such a truncated form should have been detected if it were present along with the full-length ClpBII, as both ClpBI-79 and -93 proteins were detected by the ClpBI antibody. This observation was consistent with the lack of a putative ribosome-binding site and start Val GTG codon in the region of the clpBII sequence that corresponds to the second translational initiation site of Synechococcus ClpBI and E. coli ClpB. In fact, the sequence of this region of ClpBII is the most divergent within the entire protein relative to ClpBI and all other bacterial homologues.
ClpBII is essential for cell viability. To investigate the function of ClpBII, we attempted to inactivate the clpBII gene in wild-type Synechococcus. Being naturally competent, Synechococcus is an easily transformable cyanobacterial strain that has been frequently used to successfully study protein function via gene disruption. As for clpBI (5), a deletion-insertion strategy was used to inactivate the clpBII gene. Three different plasmid constructs were tested. In the first, 580 bp of the clpBII sequence was deleted and a Cm r marker was inserted. The resulting construct was linearized to ensure double recombination and transformed into both wild-type and ⌬clpBI strains according to the method of Van der Plas et al. (24) . For both strains, no viable transformants were recovered, even after several attempts. The second construct was as for the first but with the antibiotic resistance marker changed to one for erythromycin. Again, no variable transformants were obtained from both wild-type Synechococcus or ⌬clpBI cells. For the third construct, a larger internal portion of clpBII (1,960 bp) was replaced with the Cm r cassette, but again after transformation with the linearized plasmid all transformed cultures lost viability. As a control for the transformation protocol, the third construct was kept intact and transformed into wild-type Synechococcus as the circular plasmid. Numerous viable transformants were obtained, but all derived from plasmid integration via a single crossover event, with no disruption to clpBII as verified by Southern blot analysis (data not shown). Overall, these results suggest that ClpBII is an essential protein for Synechococcus cell viability.
ClpBII is not induced by other stresses. Given the lack of heat inducibility of ClpBII and its importance for cell viability, we examined whether other stresses influenced the constitutive level of ClpBII in wild-type Synechococcus (Fig. 2 ). Conditions were selected based on the known stress sensitivity of Synechococcus and the degree to which the wild type could acclimate to them during the chosen time course. For all experiments, wildtype cultures were shifted from the standard growth condition (37°C, 50 mol of photons m Ϫ2 s Ϫ1 , 5% CO 2 in air) to either cold (25°C) or high light intensity (1,000 mol of photons m Ϫ2 s Ϫ1 ) or were treated with high salt (150 mM NaCl) or H 2 O 2 (0.5 mM) concentrations. Each condition produced a transient cessation in growth after the shift (1 to 3 h) followed by resumption at a lower rate. For each treatment, ClpBII content did not increase rapidly during the inhibitory period of the shift as would be expected for a stress-inducible protein. Instead, the level of ClpBII protein rose gradually over the duration of cold, high-light and high-salt treatments, being most abundant once cultures had acclimated to the new condition. In contrast, the level of ClpBII upon addition of H 2 O 2 decreased gradually throughout the time course of oxidative stress, remaining low even after cultures had acclimated and resumed growth.
Inducible ClpBII fails to confer thermotolerance. The lack of heat shock induction of ClpBII indicated its regulation in Synechococcus differs from that of ClpBI. Given the primary sequence similarity between ClpBI and -II, however, we examined whether the two isomers were functionally equivalent despite their differential regulation. To test this, a plasmid construct was prepared to substitute for the native clpBII promoter with the heat shock-inducible clpBI promoter. A 200-bp fragment containing the clpBI promoter was ligated to a 5Ј fragment of clpBII (500 bp) at the site of the start Met ATG codon (Fig. 3A) . Upstream of the promoter was added a Cm r cassette (not shown) as a selectable maker. The circular plasmid was then transformed into the Synechococcus ⌬clpBI strain to replace the native clpBII promoter with that of clpBI via a single homologous recombination event. Correct integration into the clpBII gene and its complete segregation in the ⌬clpBI chromosome were verified by Southern blotting, with the resulting strain termed HSB2.
The HSB2 strain showed no phenotypic changes in terms of cell morphology, pigment composition, or generation time from wild-type Synechococcus or the ⌬clpBI strain under standard conditions. ClpBII protein contents were examined in ⌬clpBI and HSB2 during a shift from 37 to 48.5°C for 90 min. Prior to the shift, the control level of ClpBII protein in HSB2 was slightly higher than that in ⌬clpBI. This suggests that despite the low constitutive level of ClpBI in Synechococcus, the clpBI promoter produces more protein than the native clpBII promoter, indicating an even lower constitutive level for ClpBII. Following the heat shift, ClpBII content in ⌬clpBI remained unchanged while that in HSB2 significantly increased. As expected by the common promoters, the degree of heat induction of ClpBII in HSB2 corresponded to that previously observed for ClpBI in wild-type Synechococcus (5).
To test whether ClpBII could functionally substitute for ClpBI, we performed thermotolerance assays (6) with the wildtype, HSB2, and ⌬clpBI strains. The thermotolerance assay involved shifting each strain from 37°C to either 54°C for 15 min or first pretreating them at 48.5°C for 1.5 h before the shift to 54°C. Development of thermotolerance was assessed by cell viability from replicate experiments. All three strains rapidly and without significant variation lost viability upon the direct shift from 37 to 54°C for 15 min (data not shown). Following preconditioning at 48.5°C for 90 min, however, the wild type but not ⌬clpBI developed significant thermotolerance to the normally lethal 54°C treatment (Fig. 3C) , consistent with earlier observations (5). In comparison, the level of thermotolerance developed in the HSB2 strain was not significantly higher than that for ⌬clpBI despite the increased levels of ClpBII protein, suggesting that ClpBII cannot complement ClpBI activity.
Addition of a truncated form of ClpBII. The absence of a truncated form for Synechococcus ClpBII is so far unique among bacterial ClpB counterparts. For ClpBI, the truncated ClpBI-79 protein complements ClpBI-93 and contributes to thermotolerance in wild-type Synechococcus (3). To investigate this characteristic of ClpBII, a construct was first prepared to test whether a truncated form of ClpBII could functionally substitute for the native full-length ClpBII in wild-type Synechococcus. In this construct, a 500-bp fragment from the clpBII gene was PCR amplified, starting from the position 18 nucleotides downstream of where the second translation start codon (Val GTG ) occurs in the clpBI gene. Ligated to this was the clpBI promoter followed by Met ATG and the 15 bases after the Val GTG start codon from clpBI. Inserted upstream of the clpBI promoter fragment was the chloramphenicol resistance gene for selection purposes. Transformation of the circular construct into ⌬clpBI should modify the native clpBII gene via single recombination to produce a truncated 82-kDa protein (ClpBII-82) expressed from the clpBI promoter. However, repeated transformations with this construct failed to recover viable transformants, suggesting that the truncated ClpBII-82 cannot complement the native ClpBII protein.
To test the functionality of a truncated ClpBII protein further, another plasmid was prepared whereby the construct expressing the truncated ClpBII-82 protein could be integrated into the Synechococcus genome without disrupting the native clpBII gene. For this, the first construct was ligated into a neutral site locus that corresponds to a Synechococcus genomic region that causes no phenotypic changes upon transformation (1). The remaining 3Ј portion of clpBII was first added to the original construct to express the complete ClpBII-82 protein (Fig. 4A ). This second construct was transformed into the ⌬clpBI strain and integrated by recombination into the neutral site locus. The successfully transformed strain was termed HSB2-82.
Growth of the HSB2-82 strain revealed no significant phenotypic variations from wild-type Synechococcus or ⌬clpBI under standard culture conditions. To confirm that the modified clpBII gene in HSB2-82 produced the expected ClpBII-82 protein, cultures of ⌬clpBI and HSB2-82 were shifted from 37 to 48.5°C for 3 h. As shown in Fig. 4B , the 37°C level of native ClpBII protein remained unchanged in ⌬clpBI throughout the heat treatment, identical to that in the wild type and confirming the lack of ClpBII protein induction at high temperatures. In comparison, the HSB2-82 strain produced both the expected native ClpBII-97 and truncated ClpBII-82 proteins. During the heat shift, ClpBII-82 protein content in HSB2-82 increased severalfold in the first 30 min and remained high throughout the 48.5°C shift (Fig. 4B) , consistent with the known expression pattern for the clpBI promoter. As in the wild type and ⌬clpBI, the level of ClpBII-97 protein remained constant in HSB2-82 throughout the heat treatment. However, the control level of ClpBII-97 prior to the heat shift was much greater in HSB2-82 than in ⌬clpBI (Fig. 4B) , indicating that synthesis of the truncated ClpBII form stimulated the amount of constitutive ClpBII-97 protein. This rise in ClpBII-97 was not due to increased clpBII gene expression since the control levels of native clpBII transcript were similar in the HSB2-82 and ⌬clpBI strains, suggesting a posttranscriptional or posttranslational cause.
To assay the effect of ClpBII-82 synthesis, cell viability of the HSB2-82 strain was directly compared to that of wild-type Synechococcus and ⌬clpBI during the 48.5°C treatment ( . Little loss in cell viability was observed for both wild-type and ⌬clpBI strains during the 3 h at 48.5°C, with no significant difference between the two strains as shown earlier (5) . Cell viability of HSB2-82, however, exponentially declined after 30 min of heat shock (Fig. 4C) , clearly indicating increased sensitivity of Synechococcus to this normally mild treatment resulting from ClpBII-82 protein synthesis. Novel form of ClpB protein in Synechococcus. We have identified a second Synechococcus ClpB protein whose primary sequence is closely related to the first ClpB isomer and most other bacterial ClpB forms. The occurrence of genes for two distinct ClpB isomers is a characteristic of cyanobacteria apparently not shared by other eubacteria. Despite its structural similarity, ClpBII has features so far unique to both its bacterial and eukaryotic counterparts. Synechococcus ClpBII is not an HSP in contrast to all previously identified ClpB proteins. Inducible ClpB is crucial for thermotolerance and other forms of heat resistance in most organisms (5, 9, 19, 22, 23) . In contrast, Synechococcus ClpBII is a constitutive protein that is unable to complement ClpBI function and confer thermotolerance, indicating its regulation and functional importance differs significantly from that of other ClpB homologues.
Although many ClpB proteins are induced by stresses (17, 20, 23) , ClpBII content in Synechococcus rose only after prolonged exposure to certain stresses when cultures had acclimated to the new growth regimen. This suggests the constitutive level of ClpBII is more influenced by the overall physiological state of the cell and rises in cultures acclimated to less favorable conditions, rather than by the inhibitory stress period. The constitutive level of ClpBII, however, is relatively low, lower even than that of the stress inducible ClpBI. Despite this, clpBII gene mutation proved lethal, indicating ClpBII function is vital for cell viability, a feature so far unique among ClpB proteins under normal growth conditions (5, 9, 19, 23) .
Unlike other bacterial ClpB proteins, no truncated version of ClpBII is synthesized in Synechococcus, nor is the putative ribosome-binding site and Val GTG start codon for this second translational event present in the clpBII gene. In E. coli, the truncated ClpB supposedly functions as a regulatory subunit when oligomerized with the full-length protein, reducing its protein-stimulated ATPase activity (15) . In contrast, the truncated Synechococcus ClpBI protein has the same capacity as the fulllength ClpBI to confer thermotolerance and plays a more active role at high temperatures (3). In the case of ClpBII, a truncated form appears inactive and detrimental to cell viability. This suggests that the N-terminal region of ClpBII, upstream of the ATP-1 domain, is vital to ClpBII function, possibly housing a specific protein-binding domain like the one responsible for the casein-stimulated ATPase activity for E. coli ClpB (15) .
Despite the importance of ClpBII for Synechococcus viability, its precise function remains unknown. The chaperone activity common to HSP100 proteins is the dismantling of large protein complexes, as for E. coli ClpA and ClpX (12, 25) . Similarly, inducible ClpB proteins resolubilize protein aggregates that increasingly form during severe heat stress (8, 13, 16) and enable the refolding of aggregated proteins in concert with the DnaK chaperone system (7, 14) . In cyanobacteria such as Synechococcus, it is ClpBI that probably performs this stressrelated function, a role unlikely shared by ClpBII. Despite this, ClpBII probably has the general chaperone activity of HSP100 proteins of dismantling oligomeric complexes, and if so, then these complexes acted upon by ClpBII are equally likely to be crucial for cell viability.
